ABSTRACT Hessian ßy, Mayetiola destructor (Say) (Diptera: Cecidomyiidae) puparia are of regulatory concern in exported hay, and drying after harvest was evaluated as a cultural control technique for bales shipped from the western states. In total 16,836; 31,122; and 48,051 puparia were tested under drying conditions in environmental chambers, open air on location, and hay windrows, respectively.
Hessian ßy, Mayetiola destructor (Say) (Diptera: Cecidomyiidae), is a pest of regulatory concern in hay grown in the western states and exported to foreign markets. Hay is produced from forage crops that are cut, dried, and baled and used for animal feed. The major hay species grown in Washington and California and exported to Japan and other Asia-PaciÞc and Middle East markets are timothy, Phleum pretense; alfalfa, Medicago sativa; oat, Avena sativa; Sudan grass, Sorghum bicolor sudanensis; Bermuda grass, Cynodon dactylon; and ryegrass, Lolium spp. (Yokoyama 2011) .
The life cycle of Hessian ßy in Washington has been described by Pike and Antonelli (1981) , and in California by Packard (1928) . Alfalfa is not a Hessian ßy host, larvae and pupae do not develop from eggs laid on timothy, oats, or a perennial ryegrass, Lolium perenne (Harris et al. 1996) , and Hessian ßy reproduction is negligible on Bermuda grass (Zeiss et al. 1993) . However, the puparial stage of Hessian ßy may occur in weed hosts that may contaminant bales including wheat, Triticum aestivum; barley, Hordeum vulgare; and grasses of Agropyron spp. (Storey and Hatchett 1978) . In contemporary hay management practices, the occurrence of these weeds is unlikely in Þelds where export quality hay is grown.
Quarantine control of Hessian ßy puparia, the stage of regulatory concern, has emphasized bale treatments including bale compression combined with hydrogen phosphide fumigation (Yokoyama et al. 1993a (Yokoyama et al. , 1994b (Yokoyama et al. , 1996 (Yokoyama et al. , 1999 Yokoyama and Miller 2003; Yokoyama 2011) , bale compression alone (Yokoyama et al. 1993b; Tabil et al. 2006 Tabil et al. , 2011 , and, heat treatments (Sokhansanj et al. 1990 (Sokhansanj et al. , 1992 (Sokhansanj et al. , 1993 Sokhansanj and Wood 1991; Opoku et al. 2001 Opoku et al. , 2002 .
Strategies to control pests of quarantine concern such as Hessian ßy in exported hay can be used during many phases of the production and handling process and reduce the risk of accidental insect introductions through bale shipments into new regions that are pest free. Such procedures have been described as systems approaches (Jang and MofÞtt 1994 , Secretariat of the International Plant Protection Convention 2006) to achieve quarantine security. This type of approach is economical for Hessian ßy in hay because most exported forage crops are not hosts and the pest may only occur in weeds unlikely to be found in export quality hay. In earlier studies Yokoyama et al. (1994a) found that Hessian ßy did not survive hay harvesting and postharvest handling procedures, especially bale compression (Yokoyama et al. 1993b ), Thus, complete control of this regulated pest could be achieved in a systems approach that combined Þeld handling practices and processing plant procedures to reduce pest numbers.
Comprehensive studies are needed to show the response of Hessian ßy puparia to drying conditions in the laboratory and Þeld. Therefore, puparia were tested in environmental chambers that simulate average weather conditions during harvest periods in different hay growing regions. Open air and windrow drying was used to evaluate survival of puparia to adults after exposure to actual Þeld conditions in representative locations in Washington and California. Our objective is to show that hay drying causes high mortality of large numbers of Hessian ßy puparia, especially under warm and arid conditions, and can be used in a systems approach to achieve quarantine control.
Materials and Methods
Insects. Hessian ßy puparia were reared on wheat seedlings in ßats (11 rows per ßat, 28 ßats) (36 cm wide by 51 cm long by 6.5 cm high) in a glass greenhouse at the USDAÐARS, San Joaquin Valley Agricultural Sciences Center (SJVASC), Parlier, CA, according to methods described by Yokoyama et al. (1996) . Susceptible cultivars of wheat seedlings infested with Hessian ßy puparia were harvested by cutting the plants below the roots. Excess roots, soil, and leaves above the stems were removed. Hessian ßy was reared in a similar manner at the USDAÐARS, West Lafayette, IN and shipped to Parlier, CA by overnight air freight.
Controls were composed from rows of wheat seedlings infested with Hessian ßy puparia selected at random from ßats. Each row of infested wheat seedlings was counted and placed on a plastic pot (Ϸ10.0-cm diameter at the rim by 7.1 cm-diameter at the base by 10.2 cm in height) (model 1255, Anderson Die and Manufacturing, Portland, OR) Þlled with vermiculite to a depth of 7.6 cm and saturated with water. A cage cover was made with a clear plastic cup (Ϸ8.5 cm-diameter at the rim by 5.8-cm diameter at the base by 10.7 cm in height) (model KC12S, Fabri-Kal, Kalamazoo, MI) that had a 3-cm diameter hole cut in the bottom and a 1.2-cm hole cut in the side. The bottom hole was used for ventilation and was covered with nylon net held in place with hot glue. The side hole was used for access to aspirate emerging adults and was plugged with a size 00 rubber stopper. The cage was inverted and placed over the infested wheat seedlings in the pot. Each caged pot was considered a replicate and visually examined daily except upon occasion 2Ð3 d. Hessian ßy adults that emerged were counted, removed by aspiration, and the number recorded. The controls were inspected in this manner until no adults were detected for Ն3 wk. Data loggers were used to monitor conditions in the laboratory where controls and test insects were maintained and the results were reported as mean Ϯ standard error of the mean (SEM) daily temperatures and humidities.
The number of Hessian ßy puparia per plant in the control was calculated by the total number of adults reared per plant and reported as the mean Ϯ SEM of the replicates. The rate of adult emergence from puparia exposed to drying was calculated by the number of adults emerging from exposed puparia per wheat seedling divided by the number of adults per plant emerging in controls, and used to evaluate daily survival in each exposure period of 1Ð 8 d. The total number of Hessian ßy puparia exposed in each location and harvest period was calculated by multiplying the total number of wheat seedlings used in the test by the number of Hessian ßy adults reared per plant in the corresponding control.
Environmental Chamber Drying. Hessian ßy puparia were exposed to simulated drying conditions in environmental chambers (model I-36VL, Percival ScientiÞc, Perry, IA Environmental chambers used to simulate Kittitas Valley weather were programed so the rate of temperature change on 15 June and 1 September between maximum and minimum was 0.0185 and 0.02ЊC per min, and between minimum and maximum was 0.0238 and 0.0298ЊC per min; and the rate of humidity change between maximum and minimum was 0.0556 and 0.046%RH per min, and between minimum and maximum was 0.0714 and 0.0685%RH per min, respectively. For all other locations and dates, the rate of temperature and humidity change was ramped between maximum and minimum values from day to sunset to night to sunrise. Light was dimmed from 100 to 10% and then off, 40 min after sunset and from off to 10% at on, then to 100%, 40 min before sunrise.
Wheat seedlings infested with Hessian ßy puparia were shipped from the ARS, West Lafayette, IN to Parlier, CA and were equally divided among each control and test exposure. The number of insects available for each test date was based on rearing conditions in the period that the tests were conducted and all puparia in each test were of the same generation. Based on the number of infested wheat seedlings available, 6 Ð 8 replicates were used for controls, and 5Ð 6 replicates were used per each test date from 1 to 8 d. Each replicate was placed in a petri dish in an environmental chamber programmed for a test date and location and removed on a daily basis from 1 to 8 d. The exposed puparia in wheat seedlings were transferred to a caged pot and handled in the same manner as the controls. Adults were counted until no adults emerged in all cages for Ն3 wks. Survival of puparia to the adult stage after exposure to drying conditions over time was analyzed by linear regression and the slopes compared among the harvest dates in each location by analysis of covariance (ANCOVA) (GraphPad Software 2007). Data loggers were used to monitor conditions inside the environmental chambers during each test and the results were reported as mean Ϯ SEM maximum, minimum, and mean daily temperatures and humidities.
Air Drying on Location.
The effect of open air drying on survival of Hessian ßy puparia to adults was determined in Ellensburg in the Kittitas Valley of Washington on 18 June; Dos Palos in the San Joaquin Valley on 15 May, and Brawley in the Imperial Valley of California on 16 July 2010. Wheat seedlings infested with Hessian ßy puparia from the ARS, West Lafayette, IN were equally divided among each control (15, 20, and 11 replicates for the above locations, respectively) and test (8, 10, and 5 replicates per day for the above locations respectively). Each control replicate was placed on a pot of vermiculite and covered with a cage. Each test replicate was placed in a plastic petri dish (150 mm in diameter by 25 cm high), packed in an insulated box, and transported by ground or air freight to the test locations.
On location, the petri dishes containing infested wheat seedlings were placed on a table (Ϸ78 cm high), uncovered, and exposed to open air and sunlight to simulate hay drying conditions. Bird ßashing tape was attached to a stick and fastened to the table to prevent birds from feeding on the puparia. Small buckets of water were placed under the legs of the table to prevent predation by ants. Data loggers were used to monitor conditions during each test and the results were reported as mean Ϯ SEM maximum, minimum, and mean daily temperatures and humidities.
Each day from 1 to 7 d, except for 3Ð7 d for Dos Palos, test replicates for the day were covered with the petri dish lid, fastened with a rubber band, placed in an insulated box, and returned to the laboratory. Each replicate of exposed infested wheat seedlings was placed on a watered pot of vermiculite, covered with a cage, and handled in the same manner as the controls. Emerging adults were counted until no adults emerged in all cages for Ն3 wks. The number of adults that emerged from puparia in controls and 1Ð7 d exposures were compared with a one-way analysis of variance (ANOVA) (GraphPad Software 2007). Percentage survival was determined by the total number of adults emerging from puparia in all exposure durations divided by the total calculated number of puparia tested.
Hay Windrow Drying. Wheat seedlings infested with Hessian ßy puparia from the ARS, Parlier, CA were used to determine the effect of windrow drying on survival of Hessian ßy puparia during hay harvesting periods. The infested wheat seedlings were equally divided among control (11 replicates except 10 for Madera) and test replicates (six per day) for Ellensburg, WA on 28 June and 7 September in the Kittitas Valley; George, WA on 28 June in the East Columbia Basin; and Madera, CA on 20 July in the San Joaquin Valley; and El Centro, CA on 21 July 2011 in the Imperial Valley.
Hessian ßy puparia in wheat seedlings were exposed in fabric bags sewn from two pieces (20 cm wide by 30 cm long) of pink, nylon organza. The edges of the two pieces of fabric were placed evenly together and stitched along the length on both sides and across the width in the middle to make two pouches. The top of the upper pouch was left open, and an opening was cut along the top of the lower pouch of each bag for access. Two pouches allowed even distribution of the infested wheat seedlings in the bag and each pouch was considered a replicate. Pink ßagging tape (1 m long) was folded in half and sewn at the crease to the top of the bag to facilitate recovery after the test.
Eighteen bags of wheat seedlings infested with Hessian ßy puparia were placed in a freshly harvested windrow of timothy in all Washington tests, alfalfa in the San Joaquin Valley, and Sudan grass in the Imperial Valley tests. The bags were placed midway from the top to the bottom, and about Ն2 m apart in the windrow of hay. The pink ßagging tape attached to the bag was tied to a stake with bird ßashing tape at the top. Data loggers were placed inside the windrow and were used to monitor conditions during each test, and the results were reported as mean Ϯ SEM maximum, minimum, and mean daily temperatures and humidities.
Each day from 1 to 6 d, three bags were collected at random, placed in an insulated box, and returned to the laboratory. Each replicate of exposed puparia in wheat seedlings was removed from the cloth bag pouch, placed on a watered pot of vermiculite, covered with a cage, and handled in the same manner as the controls. Emerging adults were counted until no adults emerged in all cages for Ն3 wks. The number of adults that emerged from puparia in controls and 1Ð 6 d exposures were compared with a one-way ANOVA (GraphPad Software 2007). Percentage survival was determined by the total number of adults emerging from puparia in all exposure durations divided by the total calculated number of puparia tested.
Results
Insects. The number of Hessian ßy puparia tested for each drying method, location, and date is shown in Table 1 . In total 16,836; 31,122; and 48,051 puparia were tested under drying conditions in environmental chambers, open air on location, and hay windrows. Controls and test insects were maintained in the laboratory at (Mean Ϯ SEM) 22.2 Ϯ 0.4ЊC and 42.6 Ϯ 3.3%RH.
Environmental Chamber Drying. Simulated environmental conditions in Washington and California forage crop production areas and hay harvesting dates based on historical weather data are shown in Table 2 . The settings for maximum and minimum temperatures and humidities were in general Ϸ1Ð2ЊC higher and up to 10% lower than the actual recorded values, respectively (Table 3) . Hessian ßy puparia survived up to 8 d of drying in all locations and test dates (Figs. 1 and 2) and the number of puparia tested in all environmental chamber tests ranged from 1,454 Ð2,532 (Table 1 ). The number of adults decreased as exposure to drying increased, the later the harvest date, and the further south the location.
The regression line for percentage of total adults emerging from puparia exposed to simulated drying conditions for 1Ð7 d was not signiÞcant for 15 June (r 2 ϭ 0.3803, P ϭ 0.1034) and signiÞcant for 1 September (r 2 ϭ 0.51, P ϭ 0.0466) for the Kittitas Valley, but not signiÞcantly different (F ϭ 0.8730; df ϭ 1, 12; P ϭ 0.3685) between the dates, and signiÞcant for 3 June (r 2 ϭ 0.51, P ϭ 0.0466) for the East Columbia Basin (Fig. 1) . The regression line for percentage of total adults from puparia exposed to San Joaquin Valley drying conditions for 1Ð7 d was signiÞcant for 15 May (r 2 ϭ 0.9425, P ϭ Ͻ 0.0001) and 15 July (r 2 ϭ 0.6589, P ϭ 0.0144), but not signiÞcantly different (F ϭ 2.115; df ϭ 1, 12; P ϭ 0.1715) between the dates (Fig.  2) . Similarly, the regression line for rate of survival to adults and duration of exposure to simulated drying in the Imperial Valley for 1Ð 8 d was signiÞcant for 15 May (r 2 ϭ 0.7407, P ϭ 0.0029), 20 July (r 2 ϭ 0.7691, P ϭ 0.0042), and 15 September (r 2 ϭ 0.5214, P ϭ 0.0280) but not signiÞcantly different (F ϭ 0.1353; df ϭ 2, 20; P ϭ 0.8743) among the dates (Fig. 2) .
Air Drying on Location. Maximum, minimum, and average daily temperatures and humidities recorded during open air drying on location in Washington and California are shown in Table 3 . The rate of adult emergence from puparia exposed to open air drying for each location is shown in Fig. 3 . The highest number of puparia tested was 18,443 in the Kittitas Valley and the lowest number was 2,973 in the Imperial Valley (Table 1) . Total percentage survival for all exposure days was as follows: 0.4% for 18 June in the Kittitas The number of puparia surviving to adults was signiÞcantly different between controls and exposure durations in air drying tests located in the Kittitas (F ϭ 101.9; df ϭ 7, 63; P ϭ Ͻ 0.0001), San Joaquin (F ϭ 59.28; df ϭ 5, 64; P ϭ Ͻ 0.0001), and Imperial Valleys (F ϭ 5.047; df ϭ 7, 38; P ϭ 0.0004). Only 3Ð5 puparia developed to adults each day after 2Ð 4 d of exposure to air drying in the Kittitas Valley of Washington beginning on 18 June, and no adults emerged from puparia that were exposed for Ն5 d. In the San Joaquin Valley location on 15 May, Ϸ100 adults emerged from puparia exposed to 3 d of open air drying. Thereafter, the number of adults per day was Յ100 and only 11 adults emerged on the seventh day. No adults developed from puparia exposed to open air drying for 1Ð7 d beginning 16 July in the Imperial Valley.
Hay Windrow Drying. Maximum, minimum, and average temperatures and humidities recorded during drying inside windrows are shown in Table 3 . The rate of adult emergence from puparia is shown after drying in timothy hay in Washington in Fig. 4 , and in alfalfa and Sudan grass hays in California in Fig. 5 . The number of puparia tested ranged from 5,629 Ð14,015 for all locations (Table 1) . Total percentage survival for all exposure days was as follows: 5.4% on 28 June and 24.2% on 7 September in the Kittitas Valley; 3.8% on 28 June in the East Columbia Basin; 2.2% on 20 July in the San Joaquin Valley; and 6.3% on 21 July in the Imperial Valley.
The number of puparia surviving to adults was signiÞcantly different between controls and exposure durations in windrow drying tests located in the Kittitas Valley on 28 June (F ϭ 20.57; df ϭ 6, 40; P ϭ Ͻ 0.0001) and 7 September (F ϭ 50.12; df ϭ 6, 40; P ϭ Ͻ 0.0001), East Columbia Basin on 28 June (F ϭ 21.83; df ϭ 6, 42; P ϭ Ͻ 0.0001), San Joaquin Valley on 20 July (F ϭ 24.60; df ϭ 6,40; P ϭ Ͻ 0.0001), and Imperial Valley on 21 July (F ϭ 63.72; df ϭ 6,51; P ϭ Ͻ 0.0001). Survival of puparia in timothy windrows in the Kittitas Valley was higher at all exposure durations on 7 September than on 28 June.
Discussion
A very high number of Hessian ßy puparia was successfully reared for use in this study to demonstrate the use of hay drying as a component in a systems approach to maintain quarantine security of exported hay. The availability of test insects was determined by production of puparia on each test date and explains variability in numbers used. The duration of exposure among the different drying methods ranged from 6 to 8 d and was partially based on insect availability. To alleviate the possibility that adult emergence was affected by diapause or aestivation, exposed puparia and corresponding controls were maintained at 22ЊC until no adults emerged for Ն3 wks.
The drying period for harvested hay will vary by crop and weather conditions, but in general would not exceed the durations used in these tests. Figures 3Ð5 illustrate the great loss in viability of Hessian ßy puparia after exposure to at least 1 d of drying, and that subsequent exposure to the same conditions is highly detrimental to survival. Thus, the occurrence of Hessian ßy adults would be highly unlikely in harvested and dried hay.
Simulated weather conditions in environmental chambers have been used to study the life history of Hessian ßy (Foster and Taylor 1975) and to determine mortality by season (Yokoyama et al. 1994a) . Posthar- vest Hessian ßy control is initiated by cutting, windrow, and drying of hay. The effect of these cultivation practices was studied in environmental chambers and complete control of the puparia was not attained (Figs. 1and 2) . Survival of the puparia to adults was supported by lower chamber temperatures and higher humidities than speciÞed. Furthermore, the gradual changes during the ramp between the maximum and minimum temperature and humidity in the chambers did not duplicate the rapid, diurnal to nocturnal physical changes that occur under natural conditions. Packard (1928) described the adverse effects of hot, arid weather on Hessian ßy survival. The highest temperatures set in the chambers were for the Imperial Valley harvest dates (Table 2) , and the recorded temperatures were lower (Table 2 ) so the effect on survival was less than predicted. Thus, environmental chamber tests may be limited in application to predict Hessian ßy mortality and to evaluate distribution in climates where the pest is not found.
The simulated weather in environmental chambers was used to show the relation of puparial survival after days of drying, during speciÞc months of hay production and harvest, and between northern and southern regions based on historic climate data. The Kittitas Valley of Washington produces the highest quality of timothy hay primarily for the Japan export market. The East Columbia Basin is also a major timothy production region. Of two harvest periods for timothy (Fransen and Hackett 2001) , the Þrst is represented by the June date and the second by the September date (Fig. 1) . Based on environmental chamber tests, puparial survival would decrease the longer timothy hay was left in the Þeld to dry and even more so by the second harvest date. In California, alfalfa is the primary exported hay with several harvests between late spring and early fall. Environmental chamber tests representing late spring to summer harvests showed a signiÞcant effect of drying on a decrease in puparial survival in the San Joaquin Valley (Fig. 2) . This relationship was also evident in environmental chamber tests for the Imperial Valley where multiple harvests of Sudan and Bermuda grass were represented by spring, summer, and fall harvest dates. The California hay production regions have higher maximum temperatures ( Table 2 ) that are more adverse to Hessian ßy survival than the Washington regions were temperatures are mild.
Survival of Hessian ßy puparia to the adult stage was signiÞcantly reduced by direct exposure to weather on location in the Kittitas Valley of Washington and the San Joaquin and Imperial Valleys of California (Fig. 3) . Air drying caused complete mortality by the Þfth day of exposure for the Þrst harvest in the Kittitas Valley, and by the Þrst day of drying in the Imperial Valley in summer. However, puparia survived spring harvest conditions in the San Joaquin Valley and was related the lowest maximum and mean daily temperatures during the 15 May drying period compared with the other locations. These conditions were even more favorable for puparial survival than the Þrst harvest date in the Kittitas Valley (Table 3) . The warm and arid summer weather of the Imperial Valley did not support puparial survival. The results of open air drying showed that harvest date was directly related to the total percentage of adults emerging from exposed puparia, and more puparia survived in spring than early summer or midsummer harvest dates for all locations. The low survival rate observed for the Kittitas Valley helps conÞrm hay drying as a quarantine control strategy because a very high number of insects Ͼ18,000) were tested.
Survival of Hessian ßy puparia to adults after exposure to windrow drying in cloth cages was determined under actual hay harvest and drying conditions. High numbers of puparia were tested in all locations (Table  1) and the results showed very few survivors on 28 June in timothy windrows in the Kittitas Valley and East Columbia Basin (Fig. 4) . However, the rate of adult emergence from puparia exposed to drying in the Kittitas Valley on 7 Sept was higher than anticipated based on environmental chamber tests (Fig. 1) . High survival during the second timothy harvest was attributed to high humidity in the windrow during the drying period (Table 3) which supported puparial survival (Packard 1928) . No puparia survived drying in alfalfa windrows in the San Joaquin Valley by the fourth day of drying (Fig. 5) , but small numbers of puparia survived to the adults in windrows of Sudan grass on all exposure days during the summer. The weather conditions for Imperial Valley windrow drying was similar to air drying (Table 3 ) so, the results of a higher rate of adult emergence from puparia may have resulted from almost twice as many insects tested in the windrow test. In general, survival of puparia in cloth cages was slightly higher than in petri dishes because the cloth creates a favorable, humid microclimate. Nonetheless, the windrow test results support Þeld drying of hay as a cultural control technique that can be included in a systems approach for quarantine control of Hessian ßy. Ambient air conditions were quite different during exposure of wheat seedlings infested with Hessian puparia in environmental chambers, on location in the open air, and in hay windrows. Such differences could have affected insect desiccation. Temperatures and humidities within environmental chambers were highly regulated, air ßow was minimal, and mortality was gradual over time ( Fig. 1 and 2) . However, in open air drying the insects were subjected to additional physical factors such as wind currents that may have increased desiccation and caused very high mortality at tested durations (Fig. 3.) . Placement in windrows of hay provided protection from air currents, yet mortality was high (Fig. 4 and 5 ) during the drying process, except when humidity was high within the windrow for the 7 September harvest in the Kittitas Valley (Fig. 4) .
Only the highest quality of hay is used to fulÞll the demand of specialized markets such as Japan (Yokoyama 2012) . Field tests showed that Hessian ßy puparia are highly susceptible to postharvest drying and survival to adults is greatly diminished by exposure duration, period, and location. Potential insect survivors from Þeld drying and baling after harvest are not likely to survive the subsequent mechanical handling, transport and storage of Þeld bales. Upon arrival at processing plants, the Þeld bales would be compressed into export bales of different sizes and styles for placement in freight containers for ocean freight (Yokoyama 2011) . Thus, bale compression would be the Þnal stage in a harvesting, handling, and processing system that would additively control the pest. This system would provide quarantine security for hay produced in the western states, and ensure importing countries that Hessian ßy would not be accidentally introduced through U.S. hay exports.
